Alkaline phosphatase (ALP) is an enzyme critical for physiological and pathological biomineralization. Experiments were designed to determine if ALP participates in formation of calcifying nanometer-sized particles (NPs) in vitro. Filtered homogenates of human calcified carotid artery, aorta and kidney stones were inoculated into cell culture medium containing 10% fetal bovine serum in the absence or presence of inhibitors of ALP or pyrophosphate. Calcific NP biofilm developed within one week after inoculation and their development was reduced by pyrophosphate and inhibitors of ALP. ALP protein and enzymatic activity were detected in washed NPs whether calcified or decalcified. Therefore, ALP activity is required for formation of calcifying NPs in vitro, as has previously been implicated during pathological calcification in vivo.
INTRODUCTION
Spherical nano-sized structures comprised partly of calcium and phosphorous, historically called matrix vesicles, are present at sites of physiological and pathological mineral deposition such as normal bone and soft-tissues in mammals and birds [1] [2] [3] . Formation of these matrix vesicles was considered to be a passive process resulting from pathological increases in plasma calcium and phosphate levels. However, it is now accepted that their formation is a cell-mediated, regulated process which is similar to that of normal osteogenesis, and which is modulated by a group of proteins which either promote or inhibit calcification. Release of these membrane-vesicles by chondrocytes, osteoblasts, odontoblasts and activated or apoptotic cells provides an extracellular environment which promotes the initial steps for generation of hydroxyapatite (HA) crystals, leading to the deposition of extracellular mineral [4] [5] [6] [7] .
Structures similar to matrix vesicles have also been identified in histological sections of human calcified vascular tissue, renal papillae and kidney stones, whereas they are absent in comparable uncalcified tissues [8] [9] [10] [11] [12] . When filtered homogenates of calcified human tissue, blood or saliva are placed into cell culture, a calcific biofilm develops which is composed of nanosized complexes of HA and protein similar in anatomical appearance to matrix vesicles, but previously described as either nanobacteria [8, 13, 14] or calcifying nanoparticles [9, 11, 12, 15, 16] . Due to the failure to consistently sequence unique nucleic acid from these vesicles/particles, and because development of nano-sized structures is dependent upon the chemical composition of the in vitro milieu, the term nanoparticles (NPs) is now preferred to describe these structures [17] . Because nano-sized structures are associated with sites of ectopic mineralization, study of the capacity of NPs to propagate and induce HA mineral deposition in vitro may provide insight into the biochemical processes of pathological mineralization.
When incubated under tissue culture conditions, NPs develop both as an adherent calcified biofilm and exist as free-floating "planktonic" forms [15] . Both structures contain an outer calcium phosphate shell and inner core composed of both mammalian [18, 19] and prokaryotic proteins [12] . Some of the NP-associated proteins are structural or carrier molecules, for example fetuin-A, also known as α2-HS-Glycoprotein, a circulating hepatocyte-derived calcification inhibitor [20] [21] [22] [23] Alkaline phosphatase (ALP) belongs to a group of enzymes which individually promotes or inhibits mineralization in a highly-regulated process [24] [25] [26] . ALP is a cell membraneassociated enzyme that hydrolyzes inorganic pyrophosphate (PPi), a potent suppressor of HA crystal growth. Hydrolysis of PPi yields inorganic phosphate (Pi), a substrate for HA mineral [27] [28] [29] , and thus, contributes to regulation of normal bone formation as well as in pathological extraosseous mineralization. The association of ALP with physiological and pathological mineralization is supported by observations that mice deficient in the gene for tissue non-specific ALP develop severe hypophosphatasia and exhibit abnormal bone development [30] . Furthermore, cultured aortic smooth muscle cells derived from spontaneously hypertensive rats (SHR) develop extracellular calcification, whereas similar cells derived from normotensive animals do not. Gene expression of ALP protein is higher in the cells from the SHR animals than the normotensive controls [31] . Serum levels of Pi and ALP also are correlated with vascular and renal calcification in humans [32, 33] . Given the participation of ALP in calcification processes, experiments were conducted to test the hypothesis that in vitro formation of calcifying NPs derived from human diseased tissues requires ALP.
MATERIALS AND METHODS

Reagents and drugs
Beryllium sulfate tetrahydrate, levamisole-hydrochloride, sodium pyrophosphate, phenylmethanesulfonyl fluoride and hydroxyapatite suspension (in 0.001 M phosphate buffer, pH 6.8; approx. 25% solid) were obtained from Sigma Chemical, St. Louis, MO. Beta-Glycerophosphate was from Calbiochem, Gibbstown, NJ. Dulbecco's Modified Eagle Medium (DMEM) was purchased from Mediatech Inc., Manassas, VA. Gamma-irradiated fetal bovine serum was from Atlanta Biologicals, Lawrenceville, GA. All other chemicals were from ThermoFisher Scientific Inc., Waltham, MA. Beryllium sulfate and levamisole stocks were prepared in water and DMEM, respectively. Water used for these experiments was double-distilled; all water and phosphate-buffered saline (PBS, pH 7.4) were filtered (0.2 µm) prior to use.
Preparation of NP from tissue isolates
Calcified and uncalcified human segments from sub-adventitial endarterectomy or full thickness pieces of abdominal aorta and carotid arteries were collected under aseptic conditions as waste during surgical procedures for vascular repair in accordance with the guidelines of the Institutional Review Board governing use of human materials at Mayo Clinic, Rochester, MN [9] . Each segment was placed into sterile phosphate-buffered saline (PBS) on ice, and sent to the laboratory for immediate processing within an hour of explantation. Segments with high, low and no calcification were collected from separate individuals. A piece (200-300 mg) was cut from each vascular segment, rinsed, placed into 2 ml PBS and finely minced with scissors. These pieces were disrupted using several strokes in a Potter-Elvehjem homogenizer. The sample was then centrifuged for 15 minutes at 2,500Xg to pellet debris. The supernatant was filtered successively through 1.2, 0.45, and 0.2 µm cellulose acetate filters (Whatman Inc., Piscataway, NJ). This filtered isolate was used for the culture of NP (see below).
To characterize the material remaining after the 0.2 µm filtration, the filtrate from some preparations was divided into two equal portions; one portion was placed into culture for NP propagation as described below. The other was centrifuged at 125,000Xg, 4°C for 60 min. The supernatant was removed, diluted in medium and placed in culture. A sample of highspeed pellet was examined by transmission electron microscopy for structural elements (i.e. matrix vesicles); the remainder of the pellet was re-suspended in medium and cultured.
Kidney stones classified as calcium phosphate kidney stones (strain AP11) after compositional analysis in the Mayo Clinic Metals Laboratory, were washed with distilled water, dried, pulverized using a mortar and pestle, and stored at 4°C until use. Pulverized stones were demineralized in 1N HCl for 10 minutes with constant stirring, then neutralized with 1N NaOH. This suspension was centrifuged at 60,000Xg (Sorvall Evolution-RC centrifuge, ThermoFisher) for 1 hr at 4°C, followed by re-suspension of the resulting pellet in DMEM. After vortexing, the sample was filtered, first through a No. 42 filter (Whatman Inc., Piscataway, NJ), then through a 0.2 µm filter. An aliquot of filtrated isolate was used to culture NP.
Propagation and collection of NPs
The filtered isolate from either the vascular or kidney stone homogenates was diluted 1:20 in cell culture medium (DMEM) containing 10% γ-irradiated fetal bovine serum (FBS). Concentrations of Ca 2+ and Pi were 1.8 mM and 0.9 mM, respectively, being derived from both the medium and FBS.
Filtered tissue homogenate (0.2 mL) was injected into culture medium (5 ml) and placed into 25 cm 2 vented culture flasks and maintained in a humid 13% CO 2 incubator at 37°C. After 2-3 week, the adherent calcific biofilm containing NPs was scraped from the bottom of each flask into the medium. The turbidity of the medium was then measured in Nephelometric Turbidity Units (NTU) using a Hach Model 2100N turbidimeter (Hach Co., Loveland, CO) which was used as an index of NP propagation. This methods measures total NPs, those from the biofilm and those which were free floating (planktonic) in the media. Random flasks were screened for bacterial contamination, including Mycoplasma, using a sensitive rapid PCR test, by the Mayo Clinic Microbiology Laboratory; all results were negative.
In some experiments, commercial synthetic HA crystals were added to the culture media (instead of tissue filtrate) and processed in parallel with flasks containing the tissue filtrate to serve as a non-biological control.
To determine whether ALP was required for NP propagation, the culture medium was modified by addition of either an ALP inhibitor (beryllium, 30 µM or levamisole 1mM), an ALP substrate (β-glycerophosphate, 5 mM) [34] or an inhibitor of apatite mineral deposition (PPi, 10 µM).
Transmission electron microscopy (TEM)
To examine structural elements, the 125,000Xg fraction of a freshly isolated artery was fixed in 3% glutaraldehyde overnight at 4°C and then embedded in Epon/Araldite resin, thin sectioned and transferred to a carbon-coated grid. The grid was then negatively stained with 2% uranyl acetate, dried, and examined using TEM (Tecnai T12, FEI Co., Hillsboro, OR). In other experiments, NPs propagated for 14 days were examined using whole mounts. The NPs were harvested then fixed as described above. A 25 µl drop of suspended NPs was transferred to a grid; each grid was then stained, dried and examined using TEM.
Enzyme activity, Protein isolation and Western blotting
ALP activity in medium and in harvested NPs before and after decalcification was measured colorimetrically as the hydrolysis of p-nitrophenyl phosphate at pH 9.8 according to the manufacturer's instructions (Sigma, Inc.). To decalcify NPs, the harvested NPs were suspended in 0.5M EDTA with continuous shaking overnight at 4°C. Decalcified NPs (dNPs) were then pelleted by centrifugation at 60,000Xg and washed twice in PBS.
To measure protein, pellet of decalcified NPs was suspended in PBS containing 1mM phenylmethanesulfonyl fluoride and the resulting suspension was sonicated for 20 minutes on ice (10% wave intensity), followed by centrifugation at 8,000Xg for 5 minutes at 4°C. Total protein in the supernatant was determined colorimetrically using a kit based on bicinchoninic acid (BCA; Pierce Biotechnology, Rockford, IL); individual proteins were resolved via SDS-PAGE under reducing conditions and these resulting bands were identified via Coomassie brilliant blue staining. For Western blotting, gels were destained, electrotransferred to a PVDF membrane, and probed using a polyclonal primary antibody raised in goats which maps an epitope within an internal region of ALP of human origin (ALP I-12; Santa Cruz Biotechnology, Santa Cruz, CA), followed by donkey anti-goat IgG-HRP (Santa Cruz).
Statistics
Statistical data are presented as mean ± SEM; n = the number of times the experiment was repeated using filtered tissue homogenates from different patients. The Student's t-test was used to determine differences from control conditions; statistical significance was accepted at P< 0.05. One exception was the initial survey of various tissues to identify possible sources of NPs (n=1 each).
RESULTS
Absence of matrix vesicles in tissue homogenates which proprogate NPs
The filtered homogenate prepared from calcified vascular tissue contained structures similar in size and appearance to matrix vesicles previously isolated from human atherosclerotic aorta (Fig. 1) [35] . Supernatant resulting from the125,000Xg centrifugation of the homogenate retained the capacity to propagate NPs in culture, whereas the pelleted fraction that contained matrix vesicle-like structures from the homogenate did not (Fig. 1). 
Evidence for ALP activity in the culture medium
ALP activity in freshly-prepared DMEM containing 10% FBS, measured colorimetrically with p-nitrophenol phosphate was 0.02 U/ml; this activity decreased by 91% with addition of 1 mM levamisole (not shown). Increases in turbidity of the media were used as an indirect measure of NP formation. The turbidity of DMEM plus 10% γ-irradiated FBS incubated under culture conditions for 14 days increased significantly with the addition of 5 mM β-glycerophosphate, a non-biological substrate for ALP. (Fig. 2) . Concurrent addition of levamisole to β-glycerophosphate-supplemented medium reduced the turbidity to control levels (Fig. 2). 
NPs propagated in vitro from isolates of calcified tissue require ALP activity
Turbidity of media (NP formation) increased when seeded with filtered supernatant derived from a 2,500Xg centrifugation of calcified tissues homogenates (calcified aortic aneurysm, carotid artery and kidney stone), but not from a non-calcified aneurysm (Fig. 3) . The competitive ALP inhibitor, beryllium (30 µM), or an inhibitor of apatite mineral deposition, PPi (10 µM), reduced turbidity (NP formation) to 6% -28% of levels observed in flasks without inhibitors (controls, Fig. 3 ).
To confirm these observations using other calcified tissue isolates and other ALP inhibitors, kidney stone-derived homogenates were seeded into flask containing DMEM and FBS. Turbidity of media without tissue homogenates (NPs;controls) and of media seeded with kidney stone homogenates was low at baseline (day 1; 2.7 ± 0.1 and 4.7 ± 0.3 NTU, respectively; n = 5 each; Fig. 4 ). After 21 days, turbidity of media seeded with kidney stone homogenates significantly increased (296.2 ± 33.4 NTU, n = 5) compared to the turbidity of control flasks (6.1 ± 0.2 NTU, n = 5). This increase was significantly attenuated in the presence of levamisole (1 mM; 23.1 ± 0.4 NTU, n = 5). NPs that formed under control conditions ranged in size from 150-300 nm, with crystals on the exterior structure (Fig. 4b) . However, NPs cultured in the presence of levamisole appeared smaller with less associated crystal (Fig. 4b) . Previous studies demonstrated that these crystals are composed of calcium phosphate hydroxyapatite [9] .
ALP activity in NPs
ALP activity was detected in NPs harvested after 14 days in culture and washed three times with physiological saline to remove adherent proteins (Fig. 5) . ALP activity also was present, although reduced, in NPs after decalcification with 0.5M EDTA. HA crystals incubated in DMEM containing 10% FBS under similar conditions and processed in the same way also contained measurable but low ALP activity. However, ALP activity was near background levels in HA crystals incubated in DMEM without FBS (Fig. 5). 
Immunological detection of ALP antigen
In a typical experiment approximately 250 µg of protein was recovered after decalcification of one flask of NPs. Numerous protein bands that stained with Comassie-blue were detected by SDS-PAGE of decalcified NP pellets (Fig. 6A) .
A commercial antibody raised against human ALP recognized at least 5 bands in decalcified NP lysate by Western blotting, 2 of these bands migrated to the approximate molecular weight of human or bovine ALP, and 3 others of smaller molecular weight (Fig. 6B) . The bands recognized by the anti-ALP antibody were then cut from a duplicate gel for further analysis in order to identify the proteins by trypsin digestion and tandem mass spectrometry. Neither eukaryotic nor prokaryotic ALP was detected via this analysis, even though these bands were recognized by the ALP antibody.
DISCUSSION
This study confirms that calcifying biologic NPs form in vitro from filtered homogenates of calcified vascular tissue and kidney stones, but not from non-calcified vascular tissue [9, 12] . It is unlikely that NPs studied in the present experiments were matrix vesicles since NPs could not be propagated from pelleted fractions resulting from high speed centrifugation of tissue homogenates whereas NPs did propagate from the corresponding supernatant. Furthermore, although ALP is expressed in matrix vesicles derived from various cells [7, 38, 39] , it is absent or present at low levels in matrix vesicles isolated from fresh atherosclerotic blood vessels. These vesicles are enriched in ATPase, AMPase and NTP pyrophosphohydrolase. These other hydrolases regulate calcification [35, 40] .
In contrast, results of this study provide evidence that ALP is required for propagation of NP derived from homogenates of calcified tissue. Found in most species from bacteria to man, ALP is a ubiquitous dimeric enzyme which catalyzes hydrolysis of phosphomonoesters, with release of Pi [24] and is implicated in the formation of renal stones and in arterial calcification [27, 28] . Development and propagation of NPs from these tissues were inhibited by both beryllium and levamisole, inhibitors of ALP [26, 29, 41] . Beryllium, a competitive ALP inhibitor [42] reduces mineralization as well as corresponding ALP activity [41] . In contrast, levamisole, an uncompetitive ALP inhibitor [36, 37] binds to the ALP/substrate complex. In the present study, levamisole reduced NP formation and inhibited ALP activity by similar degrees (91%) in addition to reducing the amount of apatite mineral in association with NPs as determined by TEM. To our knowledge, neither beryllium nor levamisole has been shown to inhibit mineralization via a direct effect on crystal growth. ALP activity in culture medium containing 10% FBS, as used in this study, was measured at 0.02 U/ml, sufficient to hydrolyze 5 mM β-glycerophosphate and increase medium turbidity, most likely due to precipitation of calcium phosphate [34] . The lack of change in turbidity in β-glycerophosphate-treated medium in the presence of levamisole confirms the capacity of antagonists of ALP to modulate NP propagation.
Exogenous PPi was used in this study as a tool to inhibit apatite mineral deposition. The effect of endogenous PPi on mineralization appears to be concentration-dependent and bimodal [43] . Lower concentrations (< 0.1mM) favor mineralization because PPi is efficiently hydrolyzed by ALP liberating Pi, making it available for formation of apatite. However, at supraphysiological concentrations, as used in the present study, a large proportion of PPi remains unhydrolyzed and available to bind HA thereby inhibiting mineralization.
Electron microscopic examination of calcified vascular tissue sections by energy-dispersive x-ray analysis indicated that the mineral present in these segments was in the form of calcium phosphate HA [9] . NPs that develop in vitro also appear to be complexes of proteins together with calcium phosphate HA with no evidence of carbonated HA or of other minerals [8, 9, 44] . In the present study, the mineral content of NPs developed under various pH or calcium concentrations was not examined.
This study extends previous findings by demonstrating that addition of PPi at a concentration which suppresses calcification in vitro [27, 45] inhibits formation of this calcified shell, whereas ALP activity promotes it. Certain plasma proteins bind to HA [46] , and several groups including ours have shown that two of these, fetuin-A and albumin, are localized within NPs [18, 19, 44] . The present results also suggest that ALP may bind to HA since ALP activity was reduced by demineralization of the NPs. Indeed, ALP activity was present with commercial apatite crystals that were incubated in DMEM containing 10% FBS.
Numerous proteins were identified in NPs by SDS-PAGE; five of these proteins were recognized by an antibody to human ALP in Western blots. However, attempts to identify the source of the ALP antigen i.e., mammalian vs prokaryotic, by mass spectroscopy, were unsuccessful. Due to the data-dependent nature of this type of analysis, it is apparent that ALP is not the major protein in the bands recognized by the antibody, and a more purified sample will need to be submitted for analysis.
Several bone-related proteins are potential candidates for involvement in NP mineralization and propagation including fetuin-A [47] , matrix Gla protein [48] , osteopontin [49] , and osteoprotegerin [50] , all of which have been shown to be active participants in pathological calcification, and importantly, are regulated at the gene level. Others have provided evidence that NPs contain serum proteins, including albumin and fetuin-A, which assemble through common bio and physical chemical interactions, but have dismissed their pathogenic potential [16, 18, 19, 51] .
It is not yet known if ALP activity associated with calcifying NPs derived from human diseased tissue is derived entirely from eukaryotic sources. The recent finding of the prokaryotic elongation factor-Tu (EF-Tu) in calcifying NPs suggests that bacterial proteins may participate in these events as well, perhaps entering the system as fragments or remnants of viable bacteria from tissue homogenates [15, 44] . Interestingly, EF-Tu can be localized at the cell surface and has a capacity to induce a pro-inflammatory response [52] . If similar events occur in the blood, NPs could be pathogenic factors in humans as they were found to be when injected into rabbits with vascular injury [53, 54] . These results suggest that propagation of calcific NP-biofilm from human calcified disease tissue is not simply nonspecific protein precipitation since both ALP activity and ongoing calcification appear to be required. Therefore, development of calcifying NPs may involve a complex sequence of events in which ALP, one component protein, acts locally in a calcium-rich solution (blood, urine, DMEM) to create an environment conducive to mineralization, i.e., hydrolysis of PPi with concomitant increase in Pi levels (Fig. 7) . Once formed, calcified NPs can circulate in the blood, bind to sites of injury and promote calcification. Formation and circulation of NPs associated with hyrdoxyapatite in vivo could represent a novel mechanism that promotes soft tissue calcification in humans [55] .
CONCLUSION
Self-propagating biologic NPs with the capacity to accumulate hydroxyapatite mineral developed in vitro from 0.2 µm-filtered isolates of calcified but not from non-calcified human vascular tissues and calcium phosphate kidney stones. NPs appear to be comprised of a mixture of proteins and hydroxyapatite. One such protein was ALP, an enzyme which is critical to NP development. NPs propagated in vitro utilized ALP derived partly from the serum present in the culture medium. However, NPs themselves possessed ALP activity, not all of which was complexed with mineral. Biologic NPs are localized to calcific regions of vascular tissue in situ, and ALP is up-regulated in diseases such as chronic kidney disease which is characterized by vascular calcification. Thus, propagation of NPs in vitro is a useful tool to examine the possible role of NPs in heterotopic mineralization, and the function of ALP as an active component of the mineralization process. NPs propagate in vitro from explanted calcific carotid artery isolates after removal of nanosized components. Fresh artery tissue was prepared as described in Methods, 0.2 µm-filtered and divided in half. One half was added to 5 ml medium and cultured for 3 weeks (Total); the other half was centrifuged at 125,000Xg and the resulting supernate and pellet were cultured separately. A: NP development after 3 weeks in culture: NPs readily propagated from complete sample (Total homog); propagation was similar in replicate sample devoid of structural components (Supernate), but was absent in fraction containing these components (Pellet). B: TEM micrograph showing pelleted structures in size range of matrix vesicles and apoptotic bodies. Propagation of NPs in vitro from isolates of explanted vascular tissue and calcium phosphate kidney stones. Filtered supernatant from the 2,500g spin of tissue homogenates were seeded into flasks. After 14 days in culture, the turbidity of the medium containing total NPs (in Nephelometric Turbidity Units; NTU) was measured and used as an index of NP propagation. NPs propagated from all calcified tissues but not from an uncalcified aorta. Propagation was attenuated by PPi (10 µM), an inhibitor of hydroxyapatite mineral deposition, and by the ALP inhibitor beryllium (30 µM). n=1 each. Inhibition of NP propagation in vitro by levamisole. A: Kidney stone derived-NPs were cultured in flasks in DMEM/10% FBS for 21 days. Baseline (day 1) turbidity (NTU) of NPseeded medium was slightly above that of unseeded blanks. After 21 days, turbidity increased significantly in seeded flasks. Turbidity was significantly reduced in the presence of 1 mM levamisole, an ALP inhibitor. Mean ± SEM, n = 5. Significant difference (P < 0.05) from corresponding: *, blank; †, untreated seeded sample. B: Inhibition of ALP reduces NP mineralization in vitro. Transmission electron micrographs of NPs derived from a calcified human aortic aneurysm taken after propagation in DMEM/10% FBS for 3 weeks in the absence (control, left) or presence (right) of 1 mM levamisole. The deposition of crystals seen in control NPs, shown by previous work to be hydroxyapatite [9] , was reduced by levamisole, thus resulting in smaller sized NPs. ALP activity measured in kidney stone-derived NPs propagated for 14 days in DMEM/10% FBS. NPs were isolated and washed in cold PBS before assay. ALP activity was measured in the isolated NPs before and after demineralization (using 0.5M EDTA; dNPs), and in commercial hydroxyapatite crystals incubated under similar conditions (HA+FBS). ALP activity was at background levels when FBS was omitted (HA-FBS) from the culture. Mean ± SEM, n = 5 each. Sig. Dif. (P < 0.05) from: *, NPs (calcified); †, dNPs; ‡, HA+FBS. ALP associates with NPs in vitro. A: Coomassie brilliant blue stained SDS-PAGE gel comparing protein profiles of a decalcified NP isolate (2) and an ALP standard (1). B: Western blot of comparable NP isolate probed with a polyclonal antibody against an internal region of human ALP. Five of the most prominent bands recognized by the antibody (indicated by stars) were cut from a companion gel and subjected to MS/MS analysis for determination of NP protein. Possible relationships among proteins involved with formation and mineralization of NPs. Fetuin-A and albumin of likely bovine origin and other proteins with known affinity for calcium phosphate crystals have been identified in the protein core of NPs. Proteins of prokaryotic origin, considered to be important factors in metabolism, such as EF-Tu and EF-G, also appear to be present. ALP, which is associated with NPs and in plasma/extracellular space, hydrolyzes PPi and other substrates, including nucleotide triphosphates. The hydrolysis is inhibited by beryllium and levamisole. The liberated Pi, together with Ca 2+ forms small HA crystals. PPi binds to some of the crystals, inhibiting their growth, whereas other crystals bind to the NP protein(s). Crystals bound to certain NP proteins may continue to grow by increasing mineral deposition. Alternatively, NPs may aggregate, forming larger protein/mineral complexes.
